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A scenario of leptogenesis was introduced in [1] which works during inflationary period within
standard model of particle physics setup. In this scenario lepton number is created by the grav-
itational chiral anomaly which has a non-zero expectation value for models of inflation driven by
pseudoscalar field(s). Here, we observe that models of inflation involving non-Abelian gauge fields,
e.g. the chromo-natural inflation [2] or the gauge-flation [3], have a parity-violating tensor mode
(graviton) spectrum and naturally lead to a non-vanishing expectation value for the gravitational
chiral anomaly. Therefore, one has a natural leptogenesis scenario associated with these inflationary
setups, inflato-natural leptogenesis. We argue that the observed value of baryon-to-photon number
density can be explained in a natural range of parameters in these models.
I. INTRODUCTION
Significant improvement in the cosmological observations and their precision in the last couple of decades has
enabled us to partially uncover the history of the early Universe. The leading paradigm is that the early Universe
has undergone a period of accelerated expansion, the inflationary period, followed by a reheating era leading to a
radiation-dominated Universe and then matter-dominated period. Although we do not have the precise value of the
inflationary scale H (Hubble during inflation) and the reheat temperature Treh, current observations provide an upper
bound of H . 1013 GeV, for the simplest single-field models, and the strict lower bound of about Treh & 1 MeV, due
to the Big Bang Nucleosynthesis (BBN). A particularly important prediction of the simplest inflationary models is the
existence of primordial gravitational waves, which are not yet observed. If observed, the amplitude of the primordial
gravitational waves will fix the value of H within these models. On the other hand, if the primordial gravitational
waves continue to evade detection, the upper bound on H will improve, effectively ruling out more and more of the
unsophisticated inflationary models. We will stick to the inflationary paradigm for the rest of this paper.
A class of interesting questions one might ask is how details of the inflationary model has affected the Universe we
see today. Another class of interesting questions is how sensitive inflationary models are to the UV, in particular the
Planck scale, physics. In this work we consider a particular model which has a feature relevant to the first class of
questions while this question is asked within two models of inflation which have a better controlled UV sensitivity
behavior than most of the usual inflationary models. (For possible implications of UV physics on CMB observations,
e.g. see [4].)
As far in the sky as we have observed, we seem not to have cosmological and astrophysical structures which are
made out of antimatter; the observed Universe consists of matter rather than antimatter. The matter-antimatter
asymmetry given by the observations is usually quoted as [5]
η =
nB − nB¯
nγ
≃ 6× 10−10 , (1)
where nB, nB¯ and nγ are respectively the baryonic matter, antimatter and photon number densities in the observed
Universe. Within the inflationary setups the standard lore is that even if the matter-antimatter asymmetry is given
by the initial conditions of the Universe, this asymmetry is washed out by the rapid accelerated expansion of the
Universe. Therefore, one should seek a dynamical reasoning to explain the asymmetry.
About fifty years ago Sakharov [6] formulated the three conditions needed for creating matter-antimatter asymmetry
from symmetric initial conditions. Sakharov conditions demand existence of C and CP violation, baryon number
violating interactions, and that these interactions should take place out of equilibrium. Within the particle physics
setups, it is generically easier to first create a lepton asymmetry (leptogenesis) and then relay on thermally activated
electroweak instantons (sphalerons) to create baryon asymmetry from the lepton asymmetry [7–9]. The sphalerons
would be activated if the temperature is not below ∼ 1 − 10 TeV. Therefore, standard leptogenesis models demand
a reheat temperature of around Treh & 10 TeV, which in itself and once we have a concrete reheating model, may
impose a lower bound on H .
Despite the fact that out-of-equilibrium condition is granted, inflationary period is not usually fit for leptogensis
model building. This is because the mechanisms used to provide the other two of Sakharov conditions are not
generically efficient enough to compensate for the washout effect (exponential dilution) caused by the rapid (usually
almost exponential) expansion of the Universe during inflation. This obstacle, however, can be overcome if the
mechanism for C, CP, and lepton number violation is based on the fields which are active during inflation, i.e., metric
and the inflaton(s). This is the idea put forward in [1], the gravi-leptogenesis.
The gravi-leptogensis is based on a particle physics model whose fermionic (chiral) matter content is assumed to
be like that of the Standard Model (SM), with unequal number of left- and right- handed fermions. This model will
2have gravitational chiral anomaly [10] on the B − L current and hence there is room for B − L violation if
RR˜ =
1
2
ǫαβµνRµνρσR
ρσ
αβ (2)
is nonzero on the background, or has a nonvanishing vacuum expectation value. This latter case can of course take
place only if we have CP violation. (Within the standard model C violation is already built in.) Therefore, all the
three Sakharov conditions can be readily met within this setup. So, what is left is to provide a setting in which
〈RR˜〉 6= 0 can be realized during inflation.
It was noted in Ref.[1] that nonvanishing 〈RR˜〉 can be generated by tensor perturbations during inflation, if the
spectrum of tensor modes is parity violating; i.e. if the two polarizations of tensor modes (gravitons) evolve differently.
The setup proposed in [1] to achieve this goal was to consider a pseudoscalar driven inflationary model (to provide the
source for P and CP violation during inflation). The P and CP violation was then induced/transmitted to the gravity
sector through a coupling of the form P (χ)RR˜, where χ is the pseudoscalar inflaton field and P (χ) is a generic odd
function of χ, which was added to the gravity action. In that setup details of inflationary model was not relevant.
Moreover, it was argued that a P (χ) = N χMPl with N ∼ 103 naturally appears through supergravity or string theory
compactifications involving axions [11, 12].
Here, we note that the P and CP violating inflationary background may be provided through inflationary models
involving non-Abelian gauge fields; e.g. those discussed in [13–17]. (This is of course a generic feature of inflationary
models involving non-Abelian gauge fields [18].) Interestingly, in these models usual minimal coupling of non-Abelian
gauge fields to gravity sector is enough for transmitting the P and CP violation in the inflationary sector to the
tensor mode perturbations, and to have a nonvanishing 〈RR˜〉. This observation suggests that i) inflationary models
with non-Abelian gauge fields can be employed in building leptogenesis models, ii) one need not invoke P (χ)RR˜-type
interactions which requires large P (χ) values for a successful leptogenesis and hence one may relax the reliance on
supergravity compactifications for that matter. (A similar idea, though with Abelian gauge fields and in a different
setup, was analyzed in [19].)
We would like to mention that the simplest setups of inflationary models with non-Abelain gauge fields have been
disfavored by the Planck data [5]. Nonetheless, the main ingredient crucial to our discussion here, presence of intrinsic
refrigerant gravitational waves, is a generic feature of inflationary models involving non-Abelian gauge fields [18]. It is
hence still worthwhile to study how the leptogenesis scenario outlined in [1] can be realized within non-Abelian gauge
field driven models. In this work, however, for illustrative purposes we focus on the better studied gauge-flation and
chromo-natural models.
This paper is organized as follows. We first very briefly review the chromo-natural model proposed in [2] to provide
the inflationary setup well-suited for realizing the inflato-natural leptogenesis mechanism outlined above. We show
how parity-violating tensor modes appear in this model and how they naturally lead to sizable 〈RR˜〉. We then
compute lepton-antilepton asymmetry produced using gravitational anomaly. Relaying on sphalerons, this lepton-
asymmetry is translated into Baryon-asymmetry, we can hence equate the computed lepton-number asymmetry to
Baryon-asymmetry nB−nB¯. Through a simple, but quite generic, reheating scenario we compute the photon number
density nγ and finally discuss matching of this Baryon-asymmetry with the observed value (1).
II. INFLATO-NATURAL LEPTOGENESIS, THE SETUP
As pointed out above, the inflato-natural leptogenesis consists of an inflationary sector which is taken to be the
chromo-natural model (or gauge-flation) minimally coupled to Einstein gravity. The action describing this model is
[2]
L = −M
2
Pl
2
R− 1
4
F aµνF
µν
a −
1
2
∂µχ∂
µχ
+ µ4(1 + cos
χ
f
)− λ
8f
χF F˜ ,
(3)
where χ is the axion field, Fµν is the field strength of an SU(2) gauge theory and FF˜ = ǫ
αβµνF aµνF
a
αβ . The spacetime
indices will be denoted by Greek letters while the gauge indices by small Latin indices a, b, c = 1, 2, 3. This model has
two dimensionless parameters gauge coupling g and axion-gauge field coupling λ, and two dimensionful parameters µ
and f . Hereafter, we will work in units where M−2Pl = 8πG = 1.
3A. Review of chromo-natural inflation
To study inflationary FLRW trajectories of chromo-natural model, we start with the following background metric
and gauge field [2]
ds2 = −dt2 + a2(t)dxidxi , (4a)
Aaµ =
{
0 , µ = 0,
a(t)ψ(t)δai , µ = i.
(4b)
With the above field configuration the rotation symmetry is retained, compensating the rotational non-invariance
caused by turning on vector gauge fields in the background with the global part of the SU(2) gauge symmetry group
[3, 13, 20–23]; ψ(t) is a scalar under spatial rotations.
The slow-roll inflationary trajectories of the above model has been discussed in [17, 24, 25]. For these trajectories
χ˙/Hχ ∼ ǫ, ψ˙/Hψ ∼ ǫ2, and during slow-roll inflation
sin
χ
f
≃3gλ
µ4
Hψ3 , ǫ ≃ ψ2 + 3g
2ψ4
µ4(1 + cos χf )
,
3H2 ≃µ4
(
1 + cos
χ
f
)
, η ≃ ψ2 ,
(5)
where H = a˙/a is the Hubble parameter and, ǫ and η are slow-roll parameters
ǫ = − H˙
H2
, η =
H¨
2H˙H
, (6)
and ≃ stands for equality up to the first order in ǫ, η.
This model can lead to successful inflation for a wide range of its parameter space [24, 25]. Two regions which have
been studied more thoroughly are the small axion region χ0/f ≪ 1 and large axion region χ0/f ∼ π. (The large
axion region the chromo-natural model is equivalent to gauge-flation model [26].)1 Typical value of parameters for
these two regions are:
Small axion model [24, 25]
χ0 < 10
−3, f = 10−2, λ = 200,
H ≃ 8× 10−8, µ2 = 10−7, g = 2× 10−6,
ψ ≃ 1.7× 10−2, ǫ ≃ 10−3, η ≃ 10−3.
(8)
Large axion model [26]
χ0 − πf = 5× 10−4, f = 10−2, λ = 2× 104,
H ≃ 3.3× 10−5, µ2 = 1.6× 10−3, g = 10−3,
ψ ≃ 4× 10−2, ǫ ≃ 4× 10−3, η ≃ 1.6× 10−3.
(9)
B. Tensor perturbations
As discussed to run the inflato-natural leptogenesis machinery we need to analyze tensor perturbations. For the
chromo-natural model this has been carried out in [15, 16]. There are two class of tensor perturbations in this model:
the usual gravitons coming from metric perturbations,
δg00 = δg0i = 0, and δgij = a
2(t)hij , (10)
1 Gauge-flation is two-parameter inflationary model described by the action [3]
L = −
M2
Pl
2
R −
1
4
F a
µν
Fµν
a
+
κ
384
(F F˜ )2 . (7)
This model may be obtained from chromo-natural model upon integrating out the axion χ [26].
4where δgµν denotes the perturbation of metric around FLRW metric, and those coming from the non-Abelian gauge
field perturbations,
δAa0 = 0, and δA
a
i = a(t)
(
tij +
ψ
2
hij
)
δaj , (11)
where hij and tij are symmetric, traceless and divergence-free tensor modes (for more details see [17]).
Using perturbed Einstein equations, we obtain the field equation of hij , sourced by the contributions of tij to the
energy-momentum tensor
hij = 2π
T
ij , (12)
where  is the d’Alamberian over the FLRW background and πTij is the tensor part of the anisotropic stress in the
linear order energy-momentum tensor,
πTij ≃ 2ψ
(
H2(γ − 1)tij −Ht˙ij +√γH∂ktl(iǫ klj)
)
. (13)
Here ≃ denotes equality at leading orders in slow-roll and γ ≡ g2ψ2H2 . Furthermore, the field equations of tij is provided
by the second order action of the tensor modes. Here, we summarize the noteworthy features of (12), and the details
may be found in [17]:
I. Compared to the usual scalar inflationary models in which πTij = 0, the field equation of hij is modified by a
nonvanishing anisotropic inertia.
II. The Chern-Simons interaction in the chromo-natural model (the last term in Eq.(3)) is a topological term which
does not contribute to the energy-momentum tensor Tµν .
2 As a result, πTij comes from the Yang-Mills term, as such,
the chromo-natural and gauge-flation models share the same tensor perturbations [17].
III. The last term in πTij is parity odd and takes different signs for the two polarizations of the tensor modes,
leading to the existence of intrinsic chiral gravitons in the setup [15, 16]. As a result, a nonvanishing 〈RR˜〉 is naturally
generated within the chromo-natural and gauge-flation models.
To see the latter, we need to analyze the tensor perturbation equations. We will adopt the notations used in [17].
The divergence-free, traceless metric and gauge field perturbations can be conveniently parameterized in terms of
the Left and Right polarization (helicity) modes, h
R,L
, t
R,L
. One may decompose the modes into Fourier modes
of momentum k. For our analysis below, as will become clear, we will only need the behavior of the modes in the
deep inside horizon (k≫ aH) region and here we will only focus on such modes. Field equations of the canonically
normalized fields u
R,L
=
√
2 ah
R,L
and v
R,L
= 2
√
2 a t
R,L
, are given as
u′′
R,L
+ k2u
R,L
≃ 2ψH
(
− v′
R,L
∓√γkv
R,L
)
, (14)
v′′
R,L
+
(
k2 ∓ 2kH (1 + 2γ)√
γ
)
v
R,L
≃ 0, (15)
where prime denotes a derivative with respect to conformal time τ , dτ = −dt/a(t) and H ≡ aH . Solving (14) and
(15), we obtain the following solution for h
R,L
(k, τ) in the deep inside horizon
h
R,L
(k, τ) ≃ − Hτ
2
√
k
e−ikτ
(
1− ψ(γ ∓ i
√
γ
1 + 2γ
)
e
∓i (1+2γ)√
γ
ln(−kτ)
)
, (16)
where we imposed usual Bunch-Davis normalization. Eq.(16) indicates that the chromo-natural or gauge-flation
models have the advocated intrinsic birefringence at the level of gravity wave perturbations.
C. Gravitational Anomaly, Causes Lepton and CP violation
It is well-established in the literature [10] that the gravitational chiral anomaly is
∇µJµℓ =
A
16π2
RR˜ (17)
2 Likewise, the (F ∧ F )2 term in the gauge-flation model (7), does not provide any contribution to the vector and tensor perturbed
energy-momentum tensor δTµν .
5where A = nL − nR measures the difference between number of left- and right-handed fermion degrees of freedom.
For standard model A = 3, while for beyond standard models with right-handed neutrinos it could be less than three.
To compute the total lepton number produced L, we follow the same lines as in [1]; i.e. Eq.(17) should be viewed as
an equality between two operators and we hence need to carry out quantization of the tensor modes. One can then
readily deduce that
L =
A
16π2
∫ τf
−H−1
dτ
∫
d3x
√−g〈RR˜〉 ,
where τf is denotes end of inflation in the conformal time.
One may show that 〈RR˜〉, at second order in tensor perturbations h
L,R
is basically the same as the classical
expression for RR˜ evaluated for canonically normalized tensor modes with Bunch-Davis initial state [18]. The details
of this computation can be found in [18] and here we quote the final result
n =
A
8π4a3(τ
f
)
∫ τ
f
−H−1
dτ
∫ k
f
(τ)
H
k3dk
d
dτ
(
h′R(τ, k)h
∗′
R (τ, k)
− k2hR(τ, k)h∗R(τ, k)−R↔ L
)
,
where n = L/(a3
∫
d3x) is the lepton number density (per unit physical volume) and the integral over comoving
momentum k runs over all subhorizon quantum modes, from the smallest physical momentum H up to the UV
cutoff momentum k
f
(τ): If we denote the cutoff on the physical momentum by Λ and assume the slow-roll relation
a ≃ −1/(Hτ), then k
f
(τ) ≃ Λ/(Hτ). The restriction to subhorizon modes in the integral is due to the fact that we
are calculating L within a Hubble patch. On the other hand, the presence of the UV cutoff is not only necessary to
regulate the emerging infinity in the calculation, but also is required on the basis that our effective theory for quantum
tensor fluctuations is only valid up to a finite energy scale, namely Λ ≪ MPl. Inserting (16) into the above integral
we obtain
n ≃ AN(γ)
24π4
(
H
MPl
)2
ψ
MPl
H3
(
Λ
H
)4
. (18)
The integral has been performed in Λ ≫ H limit and N(γ) is an order one quantity; in the approximations we have
used (e.g. dropping the terms subleading in the subhorizon regime) it is given as
N(γ) ≃ (1 + γ)(1 + 10γ)
16γ + (1 + 2γ)2
(
2
√
γ(2γ − 1)
1 + 10γ
cosβ − sinβ
)
where β =
(1+2γ) ln( Λ
H
)√
γ .
III. THE n/s RATIO
To compare with the observed data we need to compute the photon number density which up to a numerical factor
is equal to the entropy density of the Universe [7, 8]. We do this with the standard assumption that the entropy of
the Universe has not changed since the end of reheating. We also need a reheating model. Here, we assume a slightly
improved instant reheating model with a single “refining” or “efficiency” parameter σ:
ρreheat = σρ0 =
π2
30
g∗T
4
reh , (19)
where g∗ is the number of relativistic degrees of freedom and ρ0 = 3H2M2Pl is the energy density during inflation. σ is
a parameter which measures the “efficiency” of the reheating process. For instant reheating, σ = 1 (100% efficiency)
which leads to a typical reheat temperature Treh ∼ 1014 GeV; or it can be as low as σ ∼ 10−45 for 100 TeV reheat
temperatures. The entropy density s is then
s =
2π2
45
g∗T
3
reh = 2.3g
1/4
∗ σ
3/4(HMPl)
3/2 . (20)
Finally, we can compute the desired n/s ratio
n
s
≃ 9.7× 10−4AN(γ)
g∗
ψ
MPl
H
MPl
(
MPl
Treh
)3(
Λ
MPl
)4
. (21)
6Recalling the analysis of [7, 8] and the observations, the above should be compared with the observed value
n/s = 8× 10−11 [5].
For typical values of g∗ ∼ 102, ψ ∼ 10−2,N ∼ 1 and setting A = 3, a successful leptogenesis model requires
(
Λ
MPl
)4(
MPl
Treh
)3
H
MPl
∼ 10−3. (22)
This relation can be fulfilled for typically reasonable values of reheat temperature and cutoff Λ. For example, for
H ∼ 10−5MPl, Λ ∼ 10 − 100H and Treh ∼ 1012 − 1013 GeV (consistent with [27]), we get a successful leptogenesis
mechanism. This corresponds to σ ∼ 10−15 − 10−11.
As we showed the ratio n/s in our model crucially depends on the reheating temperature. In our analysis we
phenomenologically parametrized the efficiency of the reheating model by the σ parameter. It is desirable to study
in more detail reheating within our gauge-flation and/or chromo-natural model. In fact, as discussed in [26] the two
models become identical in the end of inflation. Reheating in these models is also natural in the sense that the energy
of the system is already in the coherent oscillations of the gauge fields which could be taken to be gauge fields of
standard model or beyond and hence energy can directly be transferred to other standard model particles through
gauge interactions.
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